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Abstract:The gas phase vibrational spectroscopy of cryogenically cooledC
2n+1N
−
anions with 𝑛 = 1–5 is investigated in the spectral range of the C≡C and C≡N
stretching modes (1850–2400 cm−1) by way of infrared photodissociation (IRPD)





complexes. The IRPD spectra
are assigned based on a comparison to previously reported anharmonic and
harmonic CCSD(T) vibrational frequencies and intensities. Experimentally de-
termined and predicted anharmonic vibrational transition energies lie within
±21 cm
−1. For the harmonic CCSD(T)/vqz+ vibrational frequencies a scaling fac-
tor of 0.9808 is determined, resulting in comparable absolute deviations. The in-
fluence of theD
2
-messenger molecules on the structure and the IRPD spectrum is
found to be small. Compared to the results of previous IR matrix isolation studies
additional, in particular weaker, IR-active transitions are identified.
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1 Introduction
It is well known that dusty circumstellar envelopes are a rich radio source, result-
ing in the detection of a series ofmolecules [1–3]. For example, the carbon star IRC
+10216 is particularly rich in long linear carbon chains and is the sourcewhere the
polyacetylenic radicalsCnH (𝑛 = 4, 6, 8) [4, 5] andCnN (𝑛 = 3, 5) [6, 7] have been
discovered. Beside neutral and cationic molecules, more recently and unexpect-
















have been detected in the interstellar medium and identified by comparison with
laboratory experiments [8–12]. Since their discovery in space, these anions have
been the subject of intense experimental and theoretical studies and have also
motivated this work. Here, we report the gas phase vibrational spectra of cryo-
genically cooled C
2n+1N
− anions with 𝑛 = 1–5.
Mass spectrometric investigations of laser-ablated cyano-group containing






as major products [13]. For CnN
− clusters an odd/even effect has been observed
in which the anions containing an odd number of carbon atoms are more sta-
ble, due to their closed electronic shell [13, 14]. Electronic and vibrational ab-
sorption spectra of C
2n+1N
− (𝑛 = 1–4) have mainly been investigated in rare-
gas matrices [15–19]. Initial matrix studies on C
3
N
− generated via cyanoacety-
lene dissociation were uncertain regarding the assignment of infrared (IR) ab-




in different rare-gasmatrix environments combinedwith coupled cluster calcula-




has also been investigated by IR matrix-isolation spectroscopy and its IR-active
vibrational transitions have been identified based on comparison to density func-
tional theory (DFT) calculations [15]. Experimental as well as theoretical investi-
gations on largerC
2n+1N
− anions (𝑛 > 2) are scarce. In their matrix studies, which
mainly focused on the electronic transitions ofC
2n+1N
− (𝑛 = 2–6) anions, Grutter
et al. [19] also reported the IR absorption spectra of the smaller anions and found









−. Garand et al. and Yen
et al. [21, 22] investigated the anion photoelectron spectra of the CnN
− (𝑛 = 2–6)
clusters using slow electron velocity-map imaging (SEVI) and determined adia-




N, as well as vibrational frequencies for




−. The observation of little vibrational activity upon photodetach-
ment of the anions with an even number of carbon atoms and the detection of
transitions to the neutral quartet state indicated that the investigated C
2nN
− an-
ions have all linear geometries and 3𝛴− ground states.
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The CnN






−, have been the subject of a se-
ries of theoretical studies [18, 23–26]. Zhan and Iwata, using second-order Møller-










− of which the last two exhibited non-linear geometries [25, 27]. Subse-
quent DFT studies, however, contested these predictions, finding linear geome-
tries for all investigated CnN
− anions with singlet 1𝛴+ and triplet 3𝛴− ground
states for the anionswith odd and even number of carbon atoms, respectively [23].
The latter results are supported by the SEVI experiments of Garand et al. and Yen
et al. [21, 22]. Botschwina et al. performed a detailed theoretical analysis of the
C
2n+1N
− (𝑛 = 1–6) anions using coupled cluster theory combinedwith large basis
sets and predicted, among other spectroscopic constants, their equilibrium struc-
tures as well as harmonic (𝑛 = 1–6) and anharmonic (𝑛 = 1–3) vibrational fre-
quencies [18, 24]. All investigated anions exhibit linear equilibrium geometries
and singlet 1𝛴+ ground states, in agreement with the DFT calculations of Pascoli
and Lavendy [23].
We use gas phase infrared photodissociation (IRPD) spectroscopy to charac-
terize the vibrational transitions of C
2n+1N
− anions with 𝑛 = 1–5 in the spectral
region of the C≡C andC≡N stretching modes. The vibrational action spectra are








complexes as a function of the photon energy. The IRPD spec-
tra are assigned on the basis of a comparison to previously calculated vibrational
frequencies from coupled cluster theory [18, 24].
2 Experimental and computational details
IRPD experiments were performed on an ion-trap tandemmass-spectrometer, de-
scribed in detail elsewhere [28, 29]. Briefly, CnN
−
m anions are produced by reac-
tive sputtering of a graphite target (Kurt J. Lesker) within a magnetron sputter
source [30]. Ar- and N
2
-gas are used for the reactive sputtering process which
leads to formation ofCnNm clusters in different charge states. Cluster aggregation
occurs in a He-atmosphere (6.0, Linde AG). The beam of anions passes a skimmer
held at variable potential and is collimated in a He-filled radio-frequency (RF) de-
capole ion-guide. The ions of interest are mass-selected in a quadrupole mass-
filter (Extrel CMS), deflected into 90∘ by an electrostatic quadrupole ion-deflector
and focused into a linear ring-electrode RF ion-trap. The trap is filled with pure
D
2
buffer gas and held at 15–20 K using a closed-cycle He cryostat in order to
avoid condensation of theD
2
gas. Trapped ions are vibrationally cooled by colli-
sions with the buffer gas close to the ambient temperature. At sufficiently low ion-
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three-body collisions is observed [31, 32]. After the trap is filled for 99ms all ions
are extracted from the trap and focused both temporarily and spatially into the
center of the extraction region of a time-of-flight (TOF) mass-spectrometer, where
they are irradiated by a tunable wavelength IR laser pulse.
IR excitation is performed using pulsed laser radiation in the
1850–2400 cm−1 range. The radiation between 1850–2140 cm−1 is produced by
an OPO/OPA/AgGaSe
2
IR laser system (LaserVision) [33], pumped by a seeded
Nd:YAG laser (Continuum, Powerlite DLS-8000). The pump laser operates at
10Hz and provides 7 ns long pulses. The pulse energies were ≤3mJ and were
further attenuated, when necessary, to avoid saturation. For IR radiation between
2050–2400 cm−1, a second OPO/OPA system (LaserVision), pumped by a pulsed
Nd:YAG laser (Innolas, Spitlight 600), is used. Typical pulse energies are ≤2mJ.
The IR laser pulses enter the vacuum chamber through a KBr window. IRPD
spectra are recorded by monitoring all ion intensities simultaneously as the
photon wavelength is scanned. The photodissociation cross section 𝜎 is deter-
mined from the relative abundances of the parent and photofragment ions, 𝐼p(𝜈)
and 𝐼f(𝜈), respectively, and the frequency-dependent laser fluence (assuming
a constant interaction volume throughout the range of scanned wavelengths)
𝜑(𝜈) according to [34]:
𝜎 = − ln[𝐼p(𝜈)/(𝐼p + 𝐼f)]/𝜑(𝜈) (1)
The number of attached D
2
molecules depends on the trapping conditions, the
temperature of the trap as well as the nature of the parent ion. For the best signal-
to-noise ratio trapping conditions are chosen such that the highest intensity of
the tagged-complex is achieved, leading typically from one to up to three D
2
molecules per complex. IRPD spectra are generated by summing over the pho-
todepletion signals from allD
2
complexes.
Electronic structure calculations using the coupled cluster method includ-
ing single and double excitations (CCSD) [35, 36] and the Dunning’s correlation-
consistent aug-cc-pVTZ [37–39] (avtz) basis set are performed using the Gaus-
sian 09 program package [40]. The previously reported structures of the bare an-
ions [24] serve as input for our geometry optimizations. Toaccount for anharmonic
effects as well as systematic errors on the harmonic force constants, a scaling fac-
tor is determined for the harmonic frequencies by comparing the experimental





(𝑛 = 2–5,𝑚 = 1–4) with the ones predicted for the
pure anions. Optimal scaling factors (𝜆) are determined by a least-square proce-
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experimental fundamental frequency and the 𝑖th theoretical harmonic frequency
(in cm−1), respectively. The optimized scaling factor is used to determine an over-














is calculated at the same level of theory and
is corrected for the basis set superposition error using the counterpoise correction
of Boys and Bernardi [42]. Rotational band profiles are simulated using the rota-









attached to the C-site) and assuming a change of the rotational constant in the
excited vibrational state of 0.5% (𝜈
2
mode) and 1% (𝜈
1
mode) [43, 44] as inputs for
the PGopher software [45]. The spectra are convoluted using aGaussian line shape
function with FWHM of 4.5 cm−1 to account for the laser bandwidth (∼2.5 cm−1)
as well as other effects.
3 Results and discussions
Figure 1 shows a typical mass spectrum of CnN
−
m cluster anions (1 ≤ 𝑛 ≤ 12,
0 ≤ 𝑚 ≤ 5) obtained by reactive sputtering of a graphite target with a 1 : 3 Ar/N
2
gas mixture. Binary cluster anions with a maximum of four N atoms are predom-





odd/even effect [13, 14, 46]. While CnN
− clusters with an odd 𝑛 are more stable




clusters, where those with even 𝑛 are more abundant.












(1 ≤ 𝑛 ≤ 5, 1 ≤ 𝑚 ≤ 3) complexes
from 1850 to 2400 cm−1 are shown in Figure 2. The spectra are spliced together
from individual scans over the two emission ranges of the IR lasers. As these
emission ranges overlap by almost 100 cm−1 the presence of absorption bands
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Figure 1: Quadrupole mass-spectrum of anions obtained by reactive sputtering of a graphite
target with Ar/N
2
gas. The mass peaks of CnN−m clusters are marked by (𝑛,𝑚).
in this region aids in the determination of the relative peak intensities as the







. In this case the relative intensities were obtained using Equation (1).
Figure 2 compares the experimental spectra with the previously reported CCSD(T)
anharmonic (for 𝑛 = 1–3) and scaled harmonic (for 𝑛 = 4, 5) vibrational frequen-
cies [18, 24]. Table 1 lists the IRPD band positions, the CCSD(T) anharmonic and
scaled harmonic frequencies, the vibrational transitions obtained from matrix-
IR measurements as well as the experimental and calculated relative intensities.
The harmonic frequencies for the larger C
2n+1N
− (𝑛 = 2–5) anions are scaled by
0.9808 (see computational details). The root-mean-square error obtained from
Equation (3) is 11 cm−1.






with𝑚 = 1–2 (see Figure 2a), measured be-
tween 1850–2400 cm−1, shows twomain features centered at 1952 and 2180 cm−1
with an intensity ratio of 1 : 4. The number, position and intensity order of the
experimental bands is reproduced by the CCSD(T)/avqz calculations and hence
the two observed vibrational transitions are assigned accordingly, i.e. to the fun-
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(1 ≤ 𝑛 ≤ 5, 1 ≤ 𝑚 ≤ 4)
compared to CCSD(T) anharmonic (𝑛 = 1–3) and scaled harmonic (𝑛 = 4, 5) frequencies (solid
red bars) of C
2n+1N
− anions. [18, 24] For 𝑛 = 5 the intensity of the predicted 𝜈
1
mode has been
enhanced by a factor of 10 for a better visibility.
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Table 1: Experimental IRPD (gas phase) and matrix-IR band positions as well as calculated
anharmonic and scaled harmonic vibrational frequencies (in cm−1) for C
2n+1N
− (𝑛 = 1–5). The IR
intensities are given as percent relative to the strongest band. For the IRPD peaks, the band
centers are given. The differences between anharmonic, respectively scaled harmonic and gas
phase frequencies are given in square brackets.
Mode IRPD Matrix IR CCSD(T)/avqzd
CCSD(T)/vqz+








2180 2178.7a 2178a 2173.9a 2182.3 [+2]





1952 1944.3a 1940.3a 1940.9 [−11]





























+ 2230 2210∗ 2247 [+17]
𝜈
6
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Table 1: Continued.
Mode IRPD Matrix IR CCSD(T)/avqzd
CCSD(T)/vqz+






































a Ar-, Ne- and Kr-Matrix IR transitions from Ref. [18].
b Ar-matrix (Ref. [15])
c Ne-matrix (Ref. [19])
d CCSD(T)/avtz for C
3
N
− (Ref. [18]) and CCSD(T)/vqz+ for the other C
2n+1N
− anions (Ref. [24]).
e Scaling factor for the C
2n+1N








damentals of the pseudosymmetric (𝜈
1
) and pseudoantisymmetric (𝜈
2
) combina-
tions of the C-C and C-N triple bond stretching local modes.






(𝑚 = 1–3) in the spec-
tral range from 1850 to 2400 cm−1 to anharmonic CCSD(T)/vqz+ vibrational fre-
quencies and intensities [24]. Four main features are observed in the IRPD spec-
trum at 2353, 2191, 2116 and 1934 cm−1, of which the central two are the most in-
tense (see Table 1). The calculations on the bare C
5
N
− predict only three bands
within our scanning range, two with a higher intensity centered at 2203 cm−1,
2129 cm
−1 and a weaker one at 1927 cm−1 with an intensity ratio of 5 : 2 : 1.
Their positions are within 13 cm−1 of the corresponding experimental band, and
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stretching modes, respectively. The weak feature at 2353 cm−1 is not predicted by
the harmonic calculations.






(𝑚 = 1–4) is shown together with the
CCSD(T)/vqz+ anharmonic frequencies and intensities [24] in Figure 2c. Five
peaks are observed in the IRPD spectrum. In the order of decreasing intensity
these are found at 2125, 2077, 1923, 2190 and 2230 cm−1. The anharmonic calcula-
tions also predict five vibrational frequencies in this range (Table 1) with the same
intensity ordering. The twohighest energybandsare thus assigned to a Fermi-type
resonance between the fundamental of the 𝜈
1











modes at lower energies. The calculated an-
harmonic frequencies lie within 21 cm−1 of the experimental bands. The scaled
harmonic calculations showa similar agreementwith experiment (±18 cm−1), but
cannot reproduce the doublet at higher energies, as it originates from an anhar-
monic effect.






(𝑚 = 1–3) between 1850 to
2300 cm
−1 is shown together with the CCSD(T) /vqz+ scaled harmonic frequen-
cies and intensities in Figure 2d. Four peaks are observed at 2221, 2079, 2037 and
1909 cm









calculated within ±12 cm−1 of the experimental counterpart at 2222, 2083, 2045
and 1897 cm−1, respectively. The experimentally observed relative intensities are
qualitatively reproduced (see Table 1). A fifth transition is predicted at 2157 cm−1
(𝜈
2
), which is not observed in the IRPD spectrum. However, this transition is pre-
dicted to be very weak (44 km/mol), explaining why it is not resolved in the ex-
perimental spectrum in Figure 2d.






(𝑚 = 1–2). Its
gas phase IRPD spectrum in the range from 1920 to 2300 cm−1 is shown in Fig-
ure 2e together with the predicted scaled harmonic frequencies and intensities
(see also Table 1). The IRPD spectrum reveals three bands at 2224, 2046 and
1986 cm
−1, of which the lowest energy one is the most intense. The calculations
predict threeharmonic frequencies (Table 1)with significant intensity in the inves-





(2057 cm−1) and 𝜈
5
(2004 cm−1) stretching modes, whose relative intensities
qualitatively match the experimental observation. The 𝜈
2
(2172 cm−1) and 𝜈
3
(2131 cm−1) modes are not predicted to be substantially IR active and are also
not resolved in our IRPD spectra.
Brought to you by | Freie Universität Berlin
Authenticated
Download Date | 1/27/15 2:05 PM
Infrared Photodissociation Spectroscopy of C
2n+1N− Anions | 361
3.2 Band contours
Additional structure in the form of asymmetric band shapes is observed in the
IRPD spectra of the smallest two CnN




maxima are resolved for the 𝜈
1
(2177 and 2182 cm−1) and 𝜈
2
(1948 and 1953 cm−1)
bands, reminiscent of rotational structure. The full-width-half-maximum of the
twobands (∼12 cm−1) are considerably larger than the laser bandwidth andhence







anions. Simulated rotational profiles, shown in Figure 3,
reproduce this structure satisfactorily. The best agreement is obtained assuming
a Boltzmann distribution with a mean rotational temperature of 75 K. This value
is considerably higher than the trap temperature (15 K), but similar to previously
obtained rotational temperatures for other systems [47, 48]. The apparent ele-
vated rotational temperature is probably the result of a combination of effects,
including (a) RF heating, (b) rotational excitation upon extraction of the ions
from the gas-filled ion trap, (c) anions entering the trap at the end of the trap-
ping cycle, which did not undergo sufficient collisions to completely thermalize,




− the asymmetric band profile, including the relative intensities of
the two maxima for the 𝜈
1












broadening due to rotational excitation, but the individual rotational branches
are not as well resolved. For the larger clusters no rotational structure is resolved
anymore, since the rotational constants decrease as the length of the carbon chain
increases.
3.3 The influence of the messenger molecules
In order to investigate, to what extent the D
2
-messenger molecules perturb the
geometric structure and the associated vibrational frequencies, we determined










complexes (see Tables 2 and 3).
The global minimum-energy structure of bare C
3
N
−, as well as those of larger
C
2n+1N






binds collinear to either the terminal C-






− bond lengths (<0.01 Å, see Table 2) and vi-
brational frequencies (≤2 cm−1 for the stretching modes, see Table 3) nearly un-
changed. Hence, the perturbation of the IR spectrum is predicted to be small and
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Figure 3: (a) Minimum-energy structure used for the band profile analysis. (b) Comparison of






to simulated rotational band profiles (red traces). See text for
details of the simulation.
on the order of the laser pulse bandwidths. Complex formation is predicted to lead
to a substantial red-shift of the D
2
vibrational frequency. Interestingly, the red-
shift induced by binding to the C-site (−87 cm−1) is nearly twice as large as for
the N-site (−49 cm−1), while the C⋅ ⋅ ⋅D bond (2.74 Å) is predicted slightly longer
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− CCSD(T)/acv5z∗# 1.252 1.366 1.171



















∗ acv5z – aug-cc-pCV5Z basis set; avtz – aug-cc-pVTZ basis set; avqz - aug-cc-pVQZ basis set
# Empirically corrected values. From Ref. [18].
p From Ref. [49].































































– N⋅ ⋅ ⋅ D-D bending motion, 𝜈
𝑏
– N⋅ ⋅ ⋅ D, respectively C⋅ ⋅ ⋅ D stretch, 𝜈
𝑐
– C≡N⋅ ⋅ ⋅ D bending
vibration.
then theN⋅ ⋅ ⋅Dbond (2.60 Å) length, effectswhich result from the negative charge
localized at the terminal C-atom.
Finally,wealso calculated thedissociation energies (D
2
-loss) of theC-site and





are smaller than 350 cm−1, i.e. they are smaller than the photon energies used in
the present study, suggesting that the absorption of a single photon is sufficient





complexes probed here containmore than a singleD
2
molecule,
due to experimental reasons. Complexes containinga singleD
2
molecule aremost
abundant (usually by a factor of seven or more relative to two D
2
ligands) and
hence the IRPD spectra should mainly reflect the photodissociation cross section
of the singly-tagged species. However, since the dipole moments of the anions in-
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(right) with𝑚 = 1–3.
crease substantially with chain length [24], the interactionwithD
2
and thus its in-
fluence on the IRPD spectrum is stronger for the longer chain anions. We checked
for such effects by comparing the ion yields of the product mass channels corre-
sponding to C
2n+1N
− anions tagged with one, two and threeD
2
ligands. Figure 4












(𝑚 = 1–3). The detected shifts
are less than 1 cm−1, again indicating a negligible perturbation of the IRPD spec-
trum.
3.4 Comparison to IR matrix isolation results
With the exception of C
11
N
− the anions investigated here have previously been
studied by direct IR absorption spectroscopy of matrix-isolated species. The fre-
quencies of the detected vibrational transitions, which were attributed to CnN
−
anions, are listed in Table 1. In general, a reasonable agreement is observed be-
tween the matrix IR and the gas phase IRPD data. The gas phase to matrix red
shiftsΔ
𝑔−𝑚
of less than−12 cm−1 arewithin the expected range for the stretching
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− found three IR transitions corresponding to the anion, one more than
detected in the gas phase. Two of these, located at 2178.7 and 1944.3 cm−1 in the
Ar-matrix (their equivalent values are 2173.9 and 1940.3 cm−1 in Kr-matrix and
2176 cm
−1 in Ne-matrix) match our assignment based on the present gas phase
values of 2180 cm−1 (𝜈
1
) and 1952 cm−1 (𝜈
2
) .
The third IR transition, observed at 2173, 2168.8 and 2176 cm−1 in Ar-, Kr- and
Ne-matrix, respectively, was tentatively attributed to a matrix-mediated higher-
order resonance between the fundamental frequency of the stretching vibration
𝜈
1




= 4) [18]. No such transi-
tion is observed in our gas phase spectra, confirming its matrix-mediated nature.
Furthermore, our results also support the conclusionofKołos et al. [18, 20] that the





Good agreement is also found between the Ar-matrix isolation studies of Cou-
peaud et al. [15] on C
5
N







at 2183.8, 2111.3 and 1923.2 cm−1, respectively. The fourth transition observed at
2355 cm
−1 in the present study, was not reported, possibly due to its low IR in-
tensity. In a similar study of mass-selected C
2n+1N
− (𝑛 = 2–4) deposited in solid
Ne. [19] Grutter et al. were able to detect only a limited number of IR-transitions for





−, at 2123.8 (𝜈
2











− (see Table 1). The position of these
bands are very close to the gas phase values, with gas to matrix shifts of less than
−4 cm
−1.
4 Summary and conclusions





(𝑛 = 1–5,𝑚 = 1–4), measured in the C-C and
C-N triple bond stretching region, are reported and assigned based on a compar-
ison to CCSD(T) vibrational frequencies. An absolute deviation between experi-
mental and predicted anharmonic CCSD(T)/vqz+ frequencies of 21 cm−1 or less
is found and the predicted intensity ordering of the individual IR active transitions
is confirmed. A scaling factor of 0.9808 is determined for harmonic CCSD(T)/vqz+
frequencies, yielding frequencies with comparable deviations to those from the
anharmonic calculations. Comparison to the results from previous IR matrix iso-




−1. Moreover, the present gas phase IRPD spectra
allow the identification of additional, in particular weaker, IR active transitions.
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These results of the present study should prove beneficial in future attempts to de-
tect these species in the interstellar medium aswell as in predicting the IR spectra
of related compounds.
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